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Abstract 
Carbon-fiber-reinforced-polymers (CFRP) are increasingly used in aerospace industry due to their superior material properties in 
comparison to non-reinforced materials. In order to manufacture components made of CFRP, cutting processes are often required. 
These are challenging and different from metal cutting because of the heterogeneous structure (matrix and reinforcement) and the 
material properties of CFRP. In this paper, the chip formation and the workpiece load are investigated regarding the cutting 
condition used when orthogonal cutting CFRP with fiber orientations of 45° and 135°. The workpiece temperature significantly 
decreases using a smaller cutting speed or feed for cutting. The cutting speed is the most important cutting parameter for chip 
formation. At low cutting speeds (e.g. vc = 5 m/min), chips are formed. Concerning a cutting speed of vc = 100 m/min, the CFRP 
is removed by material fracture.  
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the NAMRI Scientific Committee. 
Keywords: Cutting; Chip formation; Carbon-fiber-reinforced polymer 
1. Introduction 
Carbon-fiber-reinforced-polymers (CFRP) have a high strength and low density. Therefore, CFRP is beneficial - 
especially in fields where reducing weight and increasing stiffness are needed. CFRP is already used in current 
aircrafts, like the Airbus A380 that is made of almost 25 weight percent CFRP [1] or the A350 that is made of 53 
weight percent CFRP [15]. In the future, an increasing application of CFRP is also expected in the automotive industry 
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[2]. Although components of CFRP can be manufactured near net shaped, machining is often required in order to 
achieve demanded workpiece geometries [3]. However, the knowledge in machining of metal, e.g. regarding the chip 
formation or tool wear, cannot be transferred to the cutting of CFRP, because CFRP is anistropic, inhomogeneous and 
barely plastically deformable [4]. Many investigations focus on the enhancement of the tool, the determination of an 
optimal cutting condition, and the detection of workpiece damages when machining CFRP. Typical damages of the 
workpiece are delamination, fiber fracture or fiber pullout, and the thermal overload of the matrix [5].  
The chip formation and the thermal and mechanical workpiece and tool load play an important role in terms of the 
machining quality and the tool life [6]. The loads determine the deformation of the workpiece during cutting and thus 
the accuracy of machining. Moreover, the material properties and the damage of the workpiece are affected by the 
thermal and mechanical workpiece load. Measurements of the tool temperature and the workpiece temperature during 
milling of CFRP plates with layers of a different fiber orientation were presented by KERRIGAN ET AL. [7] and YASHIRO 
ET AL. [8]. They showed that the cutting condition significantly affects the temperature distribution in the workpiece 
and the tool and the magnitude of their thermal load. Investigations of chip roots with e.g. the quick-stop-method or 
the investigation of chip formation using a high speed camera are appropriate methods to evaluate the (mechanisms 
of) chip formation. This is well documented when machining metal, but less in machining of CFRP particularly with 
respect to CFRP with multiple fiber orientations. KOPLEV ET AL. [9] revealed that the cutting of unidirectional CFRP 
is a series of material fractures, which result in chips. Several researchers carried out orthogonal cutting tests on 
unidirectional CFRP in order to investigate the mechanisms of chip formation. They found that the cutting mechanism 
is affected by the fiber orientation [10], the tool geometry [1], and the cutting condition [14]. The fiber orientation, the 
cutting edge radius, and the feed were assessed as the most important parameters for chip formation.  
In this paper, the influence of the cutting condition on the process forces, the temperature of the workpiece, and the 
chip formation is investigated in orthogonal turning of CFRP with fiber orientations of 45° and 135°. 
2. Experimental design 
Orthogonal cutting investigations were carried out on a five-axis machining center without the use of a cutting fluid 
(Fig. 1). The geometry of the cemented carbide (90 % tungsten carbide, grain size: 0.2 - 0.5 μm; 10 % cobalt) tools 
used is listed in Table 1. A new cutting edge was applied for each investigation. The results are thus not affected by 
tool wear. The workpiece material used was a carbon-fiber-reinforced-polymer with an epoxy resin matrix (60 % fiber 
volume content; fiber diameter: 7 μm). The orientation Ĭ of the fibers on a workpiece was Ĭ = 45° and Ĭ = 135°, i.e. 
the fibers are crossed (Fig. 1c). The fiber orientation is defined counterclockwise with regard to the direction of 
primary motion, i.e. a fiber orientation of 0° specifies a parallel orientation of the fibers to the direction of primary 
motion. The values of the cutting parameters are depicted in Table 1. A cutting speed of 5 m/min is low and appears 
to be beyond of an industrially relevant range. However, such a cutting speed is of scientific interest. Moreover, the 
cutting speed in drilling significantly decreases from the maximum at the outer diameter of the drill to the minimum 
in the center. The cutting speed in drilling thus is at least in a part of the cutting edge in accordance with the considered 
cutting speed of 5 m/min. The removed material volume (approximately 500 mm³) was the same for each cutting 
condition in order to ensure the comparability of the results. 
Table 1. Tool geometry and cutting conditions. 
Tool geometry (ISO-code ODMW 050408)  Cutting parameters 
Clearance angle: Į = 15° Tool cutting edge angle: ț = 0° Cutting speed vc [m/min]: 5, 20, 40, 60, 80, 100 
Rake angle: Ȗ = 0° Tool cutting edge inclination: Ȝ = 0° Depth of cut ap [mm]: 2 (wall thickness of the tubes used) 
Cutting edge radius: rȕ = 5 μm Cutting edge form factor K = 1.0 Feed f [mm/rev]: 0.025, 0.05, 0.075, 0.1, 0.4 
 
The forces were measured by means of a dynamometer (sampling rate 10 kHz) and evaluated without filtering. 
Each cutting force and thrust force, shown in the results, is calculated from the mean over the time of cutting. A 
commercial thermographic camera was used to detect the temperature of the workpiece during orthogonal cutting 
(Fig. 1b). The thermographic camera operates with wavelengths from 1.5 μm to 5.1 μm (infrared). The frame rate 
applied was 100 frames per second. The coefficient of emission İ of the CFRP-tubes (workpiece, Fig. 1c) was 
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determined to İ = 0.75. Each image was evaluated directly before the process end. Beside the workpiece, further 
objects, such as the tool or the tool holder, are included in the images. However, the images were evaluated using the 
coefficient of emission of the CFRP-tube. Thus, the temperature of the further objects in the images does not depict 
the actual temperature of the respective object. The chip formation was recorded by means of a high speed camera 
using a frame rate of 4,000 frames per second for each investigation. In order to achieve appropriate images, two high 
power light sources were used (Fig. 1b). From the images captured, characteristic images were selected for the chip 
formation using a specific cutting condition. These selected images are illustrated in the Figures 2 and 3 in a 
consecutive order with respect to the process time. 
 
 
Fig. 1. (a) Experimental setup; (b) Top view experimental setup; (c) Workpiece. 
3. Results 
3.1. Chip formation 
The cutting speed influences the removal of the material (Fig. 2). At the minimum cutting speed of 5 m/min, 
comparatively large chips are formed. The formation of these chips is occasionally accompanied with a partial fracture 
of the CFRP material. The fracture of the material causes the formation of small chips or “dust” like chips. The latter 
have very small dimensions in comparison to the cross-section of undeformed chip. Concerning cutting speeds of 60 
and 100 m/min, the removed material is, contrary to a cutting speed of 5 m/min, completely fractured (Fig. 2).  
In order to investigate a possible influence of the feed on the chip formation, feeds of 0.1 mm/rev and 0.4 mm/rev 
were used for orthogonal turning. A significant impact of the feed on the chip formation is not ascertainable (Fig. 3). 
With a rise of the process time, the chip length considerably increases at both feeds until chip breakage occurs.  
CFRP consists of brittle carbon fibers and a more ductile matrix material. The carbon fibers determine the material 
removal mechanisms. During the cutting process, the carbon fibers undergo only a very small plastic deformation; 
they exhibit a brittle behavior with a very little strain to fracture [1]. In the present case, the fiber orientations are 
Ĭ = 45° and Ĭ = 135° (Fig. 1c). RUMMENHÖLLER [10] and LI [11] found that the material removal mechanism for the 
fiber orientation of Ĭ = 45° often is a combination of buckling, bending, and peeling when machining unidirectional 
CFRP. Peeling is due to the formation of cracks in the CFRP ahead of the cutting edge. The fibers of the orientation 
Ĭ = 135° are oriented in the direction of primary motion. As a result, these fibers undergo a smaller bending in 
comparison to Ĭ = 45° [13]. They fracture via a compression-induced shearing [1]. The described material removal 
mechanisms for the fiber orientations of Ĭ = 45° and Ĭ = 135° when machining unidirectional CFRP overlap in the 
present case of a CFRP with two different fiber orientations. An increase of the cutting speed leads to a higher relative 
velocity between the tool and the workpiece material ahead of the cutting edge, i.e. a larger impulse on the carbon 
fibers. Moreover, higher cutting speeds are accompanied with an embrittlement of the CFRP [6]. As a result, material 
fracture is facilitated at higher cutting speeds and smaller chips or even “dust” like chips are formed (Fig. 2).  
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Fig. 2. Impact of the cutting speed on chip formation.  
 
Fig. 3. Chip formation with regard to the feed and the process time. 
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3.2. Process forces 
The cutting forces and the thrust forces are depicted in Figure 4 with regard to the cutting speed and feed used for 
orthogonal turning. The cutting forces are larger compared to the thrust forces, particular at high feeds and cutting 
speeds. An increase of feed causes larger cutting forces. The effect of the feed on the thrust force is indifferent at the 
given cutting conditions. The rise of feed does not generally lead to larger thrust forces. A significant impact of the 
cutting speed on the cutting force can only be observed when comparing the cutting force at a cutting speed of 5 m/min 
with the cutting forces at the higher cutting speeds investigated. The least cutting speed results in the minimum cutting 
force. Moreover, also the lowest thrust force was observed using a cutting speed of 5 m/min. The maximum cutting 
speed causes the highest thrust force. 
The forces occurring during the machining of CFRP are determined by 
x The energy required for the material separation. 
x The energy required for the material deformation, chip fracture, and chip deflection.  
x The pushing of material (e.g. particles of the fractured CFRP) under the cutting edge, and thus ploughing of 
this material in the newly generated workpiece surface.  
x The friction at the flank face. 
x The friction between the chips and the cutting material on the rake face. 
 
 
Fig. 4 (a) Cutting forces; (b) Thrust forces; (c) Raw signal of the thrust force regarding the cutting speed used. 
The material removal mechanism differs between the minimum considered cutting speed and the other investigated 
cutting speeds, as already described in section 3.1. We believe that this difference in the material removal mechanism 
is the reason for the least cutting force when using a cutting speed of 5 m/min for turning. The large chips at the 
minimum cutting speed indicate that the material is separated from the bulk by peeling. On the contrary, the CFRP is 
completely fractured at the other cutting speeds. This leads to higher cutting forces in comparison to the peeling. The 
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oscillation width of the signal of the thrust force considerably rises at higher cutting speeds (Fig. 4c). Possible reasons 
are the pushing of material under the cutting edge, the stimulation of the unknown eigenfrequency of the setup, or the 
turning at a fractured position, i.e. sudden changes of the amount of removed material along the circumference of the 
workpiece. However, our images captured did not indicate the pushing of material under the cutting edge.  
The greater the feed, the larger the undeformed chip thickness and thus the required energy for the material 
deformation, chip fracture, and chip deflection. Moreover, the contact length of the workpiece material with the rake 
face, and hence the friction work increases in orthogonal turning using higher feeds. Therefore, larger cutting forces 
and thrust forces arise when raising the feed. 
3.3. Workpiece temperature 
An increase of cutting speed (Fig. 5) or feed (Fig. 6) causes a rise of the workpiece temperature. Concerning a low 
cutting speed of 5 m/min, an elevated temperature of the workpiece due to turning is approximately only visible in the 
area of chip formation. The greater the cutting speed, the larger the heated volume of the workpiece material and the 
temperature values of the workpiece are. The effect of the feed on the workpiece temperature is in accordance to the 
described impact of the cutting speed. However, the cutting speed has within the investigated cutting conditions a 
superior influence on the workpiece temperature in comparison to the feed. The material removal rate increases with 
a rise of cutting speed or feed, i.e. more material is cut in a specific time-period. As a result, more fractured material 
is visible in the thermal images at higher feeds or cutting speeds than at the lower values of the cutting parameters.  
 
 
Fig. 5. Workpiece temperature in terms of the cutting speed. 
For the evaluation of the thermal images, the maximum temperature was set to 60 °C because we were only 
interested in the temperature of the workpiece and not in the more elevated temperature of the chips. The use of the 
low maximum temperature for the evaluation facilitates the analysis of both the temperature change of the workpiece 
and the temperature distribution due to the precisely differentiated color scale. Tool and workpiece are stationary. The 
distance of a particular pixel (size 14 μm) of the detector to the heat source, i.e. the chip formation area, is the same 
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for all cutting conditions considered. The amount of mechanical energy dissipated into heat in the shear zones does 
not change with respect to the process time. Fuzziness inside of a pixel when measuring at different cutting speeds 
can thus only arise via a significant change of the material temperature during the aperture time (1.4 ms). Thus, we 
believe that the measurements are not influenced by fuzziness.      
 
 
Fig. 6. Workpiece temperature with regard to the feed. 
The thermal load of the workpiece is the result of the sum of the heat flow into the workpiece due to turning and 
the heat flow from the workpiece to the environment owing to forced convection. The longer the time of turning and 
the higher the temperature or the rotational speed of the workpiece, the larger the heat flow to the environment. The 
product of the cutting force, the cutting speed, and the time of turning approximately determines the mechanical energy 
required for turning. The mechanical energy is during the cutting of metal mostly converted into heat by the plastic 
deformation of the workpiece material and friction [12]. In turning CFRP, the workpiece material is only slightly 
deformed plastically. However, the thermal images revealed that the workpiece is subjected to a considerable 
temperature increase during turning. The heating of the workpiece is concentrated to a comparatively small material 
volume because of the low thermal conductivity of the CFRP. Taking the cutting speed of 5 m/min into account, the 
minimum thermal load of the workpiece is due to the smallest generated quantity of heat (overcompensation of the 
greatest time of turning through the least cutting force and cutting speed) and the significant heat flow to the 
environment owing to the long time of turning. The thermal image of the workpiece using a cutting speed of 5 m/min 
shows that the heated material volume of the workpiece is approximately cooled down to ambient temperature during 
a single workpiece rotation. The effective increase of the temperature, i.e. the difference of the workpiece temperature 
directly after chip formation and directly prior to chip formation, of a specific area along the circumference of the 
workpiece between consecutive rotations of the workpiece thus is, contrary to larger cutting speeds, negligible. At 
higher cutting speeds than 5 m/min, the temperature of a specific area increases with each rotation of the workpiece 
because the heat flow into the workpiece is at these cutting speeds superior compared to the heat flow to the 
environment. The generated quantity of heat is approximately the same at cutting speeds of 40, 60, and 100 m/min 
since the cutting forces are identical and the change in cutting speed and cutting time neutralize each other. Thus, the 
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difference in the workpiece temperature at cutting speeds greater than 5 m/min is primarily due to the varying heat 
flow to the environment. The rise of the workpiece temperature using higher feeds for turning is due to the larger 
generated quantity of heat in comparison to low feeds and the difference, in analogy to the cutting speed, in terms of 
the magnitude of the heat flow to the environment. 
4. Conclusion 
In this paper, the chip formation when orthogonal turning a carbon-fiber-reinforced-polymer (CFRP) and the 
mechanical and thermal loads of the workpiece were experimentally investigated with regard to the cutting condition 
used. The most important cutting parameter for the chip formation is the cutting speed. At low cutting speeds 
(vc = 5 m/min), comparatively large chips are formed. At higher cutting speeds on the contrary, significantly smaller 
or even dust like chips arise. The feed has a non-significant impact on the chip formation. However, the feed affects 
the thermal and particularly the mechanical load of the workpiece. The greater the feed, the larger the mechanical and 
the thermal load of the CFRP workpiece. An increase of the cutting speed causes a considerable rise of the workpiece 
temperature. The forces measured revealed that the cutting speed primarily affects the thrust force, while the cutting 
force is within the cutting speeds considered approximately the same when using greater cutting speeds than 5 m/min.    
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